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mi JIJBT A PIBOB OF dOPTWlE S 

xiEi I just a piece, of software? 

Being programmed and. run through 
The Universe of Hardware. 

ilm I just a non-suhs,cripted varia.hle 
Incremented, indexed and inialised. 
Or, one element in an array? 
Buhroutined , stored and zeroised. 
Input with information 
To he stored until later. 

Output on examination 
All the compiled data 
Debugged, Dovm-time, Bucket Overflow 
Jammed -up Off-line, Micro-Macro. 

I am just a piece of software 
Being programmed and run through 
The Universe of Hardware. 


-Alec Gill 



SYNOPSIS 


The combinational logic circuits are prone to 
faults of' the stuck-at type. An optimal diagnostic 
table (DT) is necessary to detect the faults occurring 
in such circuits. The DT serves as an input to an 
automatic test system (ATS) which conducts fault detection 
experiments on the unit under test, 

A PORTRAN based system called SYSTEM I is implemented 
on IBM- 1 800 computer. SYSTEM I is capable of generating 
the complete test set for a combinational circuit consisting 
of NAKD and NOR gates and is found to work satisfactorily. 

The study of the design of a fault -diagnosing system is also 
attempted in this thesis. 
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INTRODUCTION 


1 .1 Faults in Digital Systems : 

Digital systems have revolutionized the fields 
of communication, control and computers. The systems 
intended to carry out the different information processing 
tasks are complex and sophisticated. The .performance 
requirements imposed on these systems are so stringent that 
developing methods to ensure their continuous and safe 
operations become vital. 

Physical devices and components constituents of 
these systems are prdtie to failures or faults which may cause 
the system to malfunction. Faults in digital systems can 
be classified into several categories according to the 
underlying physical causes. Aging or manufacturing defects 
may causa the component to deteriorate giving rise to 
’marginal faults ' . Noise and close tolerances can cause 
’ intermittent ' faults which appear only during some intervals 
of time. Faults which originally are intermittent may 
eventually become ’solid ’ . The faulty condition which d'oes 
not change with time is referred to as a solid or -permanent 
fault. A permanently open collector or base lead of a 
transistor is a solid fault. Under these conditions the 
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output from the transistor may he either s tuck-at-low 
or stuck-at-high. The faults of this type which cause a 
change in the logical behaviour of the circuit are known 
as 'logical faults' where we are least interested in the 
physical cause of the occurred fault but on the type of the 
fault being either stuck-at-0 (s-a-O) or stuck-at-1 (s-a-1)» 
Logical faults are the most common in digital logic circuits 
and most of the efforts in fault diagnosis are oriented 
towards developing procedures for detecting logical faults 
of the stuck-at-0 or stuck-at-1 lype. 

1,2 Schemes of Fault Detection and Diagnosis ; 

Depending upon the underlying principle, error 
detecting schemes can be classified as Hardware schemesOJl 
or Error diagnosing Software schemesQ). • After detecting 
the error the system can do one of the following; , 

1, Signal the user that the data being processed 
may contain errors or conversely assure that the system 
is operating correctly, 

2. Initiate the restarting of an operation interr- 
upted by an error. 

5. Provide the maintenance personnel with information 
about the machine status. 
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4. To check the subsystems periodically to detect 
any faults; if fault is detected either to reconfigure 
itself so that it functions normally or to indicate the 
location of, the occurred fault. Such systems are known 
as self-checking systems and are used where it may be 
impossible to keep the maintenance crew at the site of the 
equipment. 


Of the several functions described above the first 
two are performed by hardware and the others by special- 
software routines. In general error detecting schemes 
involve both type of schemes to achieve as much of the above 
functions as allowed by cost versus high performance 
trade-off. Both schemes have their own merits and demerits, 
A comparison|23'^ of the two schemes is given in Table 1,1 


Table 1.1 

Comparison of error detecting schemes 
Program ^ ~ Hardware 


1 , Cost of Software and 
periodically running them, 

2. Error is pinpointed to the 
period between successive 
running of error detection 
routines. 

3^ Intermittent errors are 
difficult to detect. 

4. Operates periodically 


Cost of designing and building 
error detection circuits 
into the system* 

Error is indicated as and 
when it occurs . 


Intermittent errors can be 
detected by the same H/W, 

Operates continuously. 
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In large systens like digital computers both type 
of schemes are implemented. Por example, 

(i) Parity error detecting logic - H/¥ 

(ii) Error detection routines - S/¥ 


But in small digits,! systems the cost of providing a built-in 
error detecting logic may be as high as ths,t of the system 
itself. To test small systems a,nd IC chips with large 
number of internal gates, a separate Automatic Test System 
(ATS)C4l may be constructed and this system can be supplied 
with the required test information generated from a 'Eault 
Dictionary Generator’ as that developed in this thesis. 

1.3 Eault Diagnostic Table : 


A 'test' Tj^ of length s is defined to be a sequence 
of input vectors . . . 2^^ to be applied to the imit under 
test (UUT) together with the corresponding primary output 
sequence. It is written as, 


X^^ = <(x,j . . .x^. . ; X^C ^ ^ t ^ ^ 


and 



Qualitatively is the correct primary output when the 
input vector to the system is 2^^. If the system is faulty 
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internally and the output sequence corresponding to the 

•-I Jt • » • f -h, to Oe . • • • • 

hi ' Tcs k1 ' kj V ks 


input sequence • • • » 2^, ^ • • • > Zi._ and 


^kj‘^*^kj’ €^»2 .,,sJ , then we say that detects the 


fault . 
system iff, 


In other words detects the fault in the 


^k 3 ^k 3 ~ ^ ^ ^ where ••• (1«1} 

is the output vector when the fault is present and the 


input to the circuit being 


“Xj o- 

~^zP~ 




A COMBINA'- 
TION CIR- 
CUIT 






'ry\ 


Pig. 1.1 

The tests are classified as, 

1 . Fault Detection Tests and , . 

2. ' Fault Diagnosis Tests. 

Fault detection tests when applied to the UUT will 
be able to say whether the specified class of fault (s) have 
occurred or not. These tests do not try to carry any 
information as to the location of th.; fault. That is , the 
'diagnostic resolution' of these tests is zero , ¥henever it 
is possible diagnostic tests aid in locating the faults. 

It should be noted that not all possible type of faults can 
be located by a test set. So we say that a test or a 
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comlDination of tests can locate a specified class of faults. 
Normally the length of diagnostic tests is more as compared 
to the tests of the other type because of the incre.ased 
information carried by the former class of tests. It is 
possible to show through examples that a fault 'f ' may be 
detected by a number of tests and a test may detect a 
number of faults. A proper exploitation of the above property 
helps' to diagnose the fault. 

If in the UTJT a single line is faulty then such 
faults are called single faults and simultaneous more than 
one line faults are known as multiple faults. Multiple 
faults are difficult to detect and we do not consider the^se 
faults in this work. Suppose the UUT contains r lines. Then 
there are 2r possible single stuck-at faults. The faults 
and the test sequence corresponding to each fault can be 
represented in a tabular form, called a JDiagnostic Table or 
Fault Table. It is in the form of a binary matrix. A 1 or 0 
entry in the matrix indicates that the test associated with the 
row can or cannot detect the fault or fault equivalence class 
of the column respectively. 

In Example 1 ,1 we find out the DT of a NOR gate 
using the definition of fault tests* 
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EXAMPLE 1 .1 


Tc . 'ie'bsriiiine "bh-S diagnos'tic 1^8,131© of a NOE. ga"ts» 



0 0 1 1 0 ’0 0 1 0 0 0 0 

0 1 0 1 1 0 0 1 0 0 1 0 

1 0 0 1 0 0 1 1 0 1 0 0 

1 1 0 110 110 11 0 
(a) ' i^) 

Table 1.2(a) gives the truth-table of a NOR gate 
under fault free conditions. Assume that s-a-1 fault occurs 
in line 1. The output is given in T.able 1.2(b). bimilarly 
(c) and (d) give the truth tables when lines 2 and 3 are 
s-a-1 and s-a-0 respectively. 

Prom Table (a) & (b) we can find that the input 
vector 00 when applied to the gate will detect line 1 s-a-1 » 

written as 1/1, where the first integer represents the line 
number and the second the type of fault. It can also be 

verified that 00 can detect the faults 2/1 and 3/0. By 
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applying 00, ws will be able io deiect any one of "blie fanlfs 
1/1, 2/1 or 3/0. But the faults are indistinguishable when 
we observe the response of line 3 to 00. Otherwise we say 
that they form an 'equivalence class'. If with respect to 
a primary output, n faults have the s-ame test sequence^ then 
they can be grouped in a set. This fault equivalence has 
created a need for introducing, additional test points in any 
digital circuit so that all the faults are distinguishable. 

The complete DT for the gate can be easily derived 
from the truth tables and is given below: 

Table 1.3 
Diagnostic Table 

. ■ BAULTS 

TESTS ABO D E 

00 1 0 0 0 0 

10 0 1 0 1 0 

01 0 0 110 

11 0 0 0 1 0 

Eault Equivalence Slasses/Eaults 
A 1/1 , 2/1 , 3/0 

B 1/0 

0 2/0 


D 3/1 

E fault-free gate. 
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Sometimes the column associated with, the fault-free gate (E) 
contains the correct response of the output of the circuit 
for the applied test input. Eor fault-detection the DT may 
contain, some redundant tests. If remove the test 11 
from the DT, ■ rt all the faults detected hy it , . ate still 
detectable hy either 10 or 01. However for fault location^ 
in this case ^11 the tests are required. 

1.4 Procedures for System Testing and DiagnoSlgLe ; 

Once the DT is generated for a circuit, there should 
he some systematic ways of testing or diagnosing it . The 
procedures usually employed are called ' Test Procedures * 
and there are two kinds of testing methods: sequential and 
comhinational . In a sequential test procedure the jth test 
input vector is determined from the responses elicited in 
the previous inputs. In a comhinational procedure the 
input is specified regardless of the order in which it is 
applied. Either kind of procedures can he applied to either 
kind of digital systems. 

1 .4.1 Sequential Procedures : Consider the DT shown in 
Table 1.3. 'Eor each test input the faults can he classified 
into two partitions depending upon the output responses, 
being either good or had. In Table 1.4 the faults are 




grouped into two partitions. This is a modified form 
of Table 1 Table 1 .4 is the starting point for the 
sequenti.al procedure. 

Table 1.4 


Tests 

Response 


0 

1 

00 

B,C,r),E 

A 

01 

A,C,E 

B,D, 

10 

A,B,E, 

C,D 

11 

A,B,C,E 

D 


0 ; good m/c response 

1 : bad m/c response. 

Assume fault B is present. ¥hen we apply GO it is 
xmable to detect it. As far as 00 is concerned the circuit 
(m/c) is good. But 01 will detect the fault B. This is 
shown in the above table. In actual fault test generation 
procedure such tables are obtained by 'Fault -Simulation' 
techniques M • 

Sequential procedure essentially aims at narrowing the 
the partitions into partitions of smaller size, till it ends 
up with a situation where no further narrowing down is 
possible , When a partition of size 1 is achieved, a single 



fault would have been located. Sequential procedures can 
be represented by a diagnostic tree. 



Fig. 1 .3 A..«Diagnostic Tree 

Bacli node of the tree represents a decision point 
where we apply'' the input shown as a binary string near the 
node to the UUT and observe the response. Depending on 
good or bad machine responses we branch along the paths. 
Suppose the fault is B. ■ ¥e would have applisd the input 
sequence 00,01,10 and got the output sequence as 0,0,0. If 
for the Same input sequence we get the output sequence as 
0,1,1 then the fault is D. This can be checked by tracing 
along paths in the tree. Sequential procedures in general 
take more memory and less time, 

1 .4.2 Combinational Procedures ; /ai the input tests ar*e 
applied in order and the corresponding observed outputs are 
stored in a vector* Operating this vector with the normal 
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correct outputs using an Exclusive OR operator gives a 
resultant vector. This is compared with each column of 
the DT, If a match occurs the fault associated with that 
column is said to have occurred. Comhination procedures 
take more time and less memory. If in the process of applying 
test to the UUT we find a single 1 in any row and if 
that test shows had machine response, then the testing can 
be stopped at that instant, ■ We would have isolated a fault 
at that point. Such an early stopping of the procedure is 
known as 'early termination'. 

1 ,5 Aims of the Thesis ; 

The theory and methods of fault diagnosis are studied. 

Efficient and easily implementable algorithm(s) for generating 

the DT and diagnosing combinational digital circuits consisting 

of. UAKD and WO R gates, are chosen. Single faults are assumed 

iDhe-.e multiple fault detection theory is under development, 

A system for generating the DT is designed and implemented on 

IBM-1800. The design of a fault diagnosis^ is p,lso presented. 

The software routines developed will be used for the design 

of 

of an Automatic Test System. The size ^ the digital system 
is limited by the core memory of the computer. The circuit 
can have 99 lines, 8 primary input and 8 primary output lines. 
The number of reconvergent fan-out lines’ in the circuit is 
restricted to 1 5. However can be increased, by changing the 
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proper paraBOter in the system. IBM- 1 800 was chosen for 
implementation Because of its ON-IISB I/O facilities. The 
Software developed should help to locate faults using the 
1800 computer if suitable H/W interface is provided. 

1 . 6 Outlines of the Thesis : 

In Chapter 2 the fundamental concepts and techniques 
underlying fault detection and diagnosis are presented along 
with relevant theory. Boolean Differential Calculus is 
introduced and its application to the generation of DT is 
also studied. Chapter 3 consists of the stages involved in 
the design of softwares for DT generation and fault detection. 
In Chapter 4 we present tho results obtained and the 
comparison of this system with systems already implemented 
elsewhere. The drawbacks of the system developed is also 
discussed along with suggestions for improvement. 
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CHAPTER 2 

THEORY AMD ICETHODS OPPAULT DIAG NOSIS 


In this ch-apter the theoretical principles involved 
in the design of algorithms for fault diagnosis are prese- 
nted. In order to have a physical insight into the problem 
some simple techniques are discussed. The trend in fault 
diagnosis is to use the Boolean Difference (BD) more and 
more. Certain properties of Boolean Difference make it easier 
to develop algorithms. Some popular algorithms are compared 
and one which is easy to implement and efficient is pre-ented 
in detail. Towards the end , fault table minimisation 
techniques and fault location methods are discussed. Wherever 
necessary examples are provided so that the techniques can 
be easily understood, 

2 . 1 Truth-Table Method : 

The most obvious method of obtaining the fault table 
is by comx^aring the truth-tables of the normal and faulty 
circuits , 

Consider a combinational circuit with m primary , 
output and n primary input lines . The primary output is 
written as, 

z . = f . (X) where 

i ■ r ' 
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For any set of faults F onl any fault£»6(S F, let 


te the ith output when oC is present, ini input vector 
= <1^^ • • ^ for detecting the fault 

if and only if, 

fi (X^)(S^ = 'I' 9i^\V»2 ...n^ ...(2.1) 

In other words z. ^ z^ gives the test set for 
detecting the faulted. . In Example 1.1 this method was 
used to construct the DT of a M gate. This is the most 
inefficient method for we have to construct the truth-table 
each time when we find out the test set of a fault . 


2,2 Fundamertnls of Boolean Differenti al Calculus ; 

Definition 2.1 ; 

As before let 


and X — ^x.j , . .x^ . . 

be the primary output and primary input respectively. The 
Boolean Difference (BD) of z^ with respeeb bo any input 
line X . (denoted by dz./dx.) is given by 

3 ^ 


dz. 

^ = f j_(x^ ,X2, 




dz. 

If ri 0, this imjjlies that z^ is independent 

of X.. In otherwords a change in x. from 0 tc 1 or vice 

J 0 

versa does not cause a change in z^. In a practical situa- 
tion line X. may he redundant xfith respect of z . . dz. /dx. 

J J- J- J 

in general ruay he a function of x^'s, The value of 

■will depend upon the value of x^ if -and only if the 
remaining variables assume values such that dz. /dx-mrl. This 

- 1 - cl 

condition, we shall prove later, is one of the necessary 
conditions so, that a fault in line x. can he detected. If we 

J 

want to determine the BD of the Primary O’utput Line (POL) 
with respect to any one of the internal lines of a comhinatio 
nal digital circuit, then we express the POL aS a function 
of its Primary Input Lines (PIL) and the internal lines. Then 
the definition could he extended. 


Certain theorems can he ijroved tc relate the BD of 
complex functions to the BD of simple f-unctions. These 
theorems can he easily derived from the Difinition ’2 . 1 and 
fundamental principles of Boolean illgehra. 

Theorem 2.1: 

dz _ dz 

dx - dx . 

3 3 


Theorem 2.2: 
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Solution : 



- 

(x1 = 0) = 0 


x^ (x^ = 1 ) = X^+X^ = x^ .x^ 

dx^ “ 0^X2.x^ - X2.x^. 


S iiailar ly , 


dXr- 

1 

dx2 



= X. .x„ aJid 

1 5 

= x^ .x^ 


If we apply at the input terminals the corahination-1 0 
then any change in the value of x^ can he propagated to x^. 
This is known as 'sensitizing'. 


2*5 Method of Path Sonsitizin/? ; 


The test which detects a given fault is an inx^ut 
comhinat ion which x^roduces an incorrect out^jut when the 
fault is present. The necessary and sufficient conditions 
for a test to detect a given fault are t 

(1) The signal value at the site of the fault 
should be opposite to that caused by the fault. 
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(2) iny change of signal valuo at the site of the 

fault should cause a change of at lea.st one output of 
the circuit. 

Condition (2) can he satisfied hy making the BD 
of the output with respect to the faulty line to he 1 . In 
that case the path from the location of the fault to the 
outijut line is said to he 'sensitized' . 

In the general procedure for fault-test generation 
using the path sensitizing technique, the faulty line is assigned 
a value opposite to the fault condition. A value of 1 is 
assigned for a s-a-0 fault and a 0 for s-a-1 fault. The 
logical values of other lILs are so chosen that we sensitize 
a path from the fault to the output line. The inputs to the 
gate feeding the faulty line are also set to proper values 
so that condition is met. We trace hack till we assign 
values to all PILs . 

EXAMPLE 2.2 ; 

d t s-a-0 



Pig , 2.2 
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Assume s-a-0 fault in line 4. Hie path 4-5 can 

be sensitized by sebting line 3 to be 1 , ¥e assign a value 
to 

of 1/line 4 (since the fault is a s-a~0), Ihis would require 
line 1 to be 0 or line 2 to be 0 or both. Iho tes'^:. set for 
detecting line 4 s-u-O is given by 

S 001 , 01 1 , 101^ 

( > 

The path sensitizing i^rccedure attempts to sensitize 
only one path at a time. If the circuit contains re convergent 
fan-out lines, the procedure may not gonerate the correct 
test set. In some cases, it may not be possible to sensitize 
all the paths from the faulty line to the I’OL. Example 2.3 
gives the pit falls of the path sensitizing technique. 

BXiildllB 2.3 ? 

In the circuit- of Big. 2.3 let us try to derive the 
test set for detecting the fault s-a~0 by sensitizing the 
path iiBH, 

1 . 

¥e set x^=1, X 2 =x ^=0 so as to apply a signal 
opposite to the faulty value to fault and prop- agate the 
effect of the fault through the gate A. Seeping x^ = 0 
propagates it through B. The condition for sensitizing the 



21 



Pig. 2.3 


patli iiBH is, C=D=B=P=P=0»-- G and D can be nade 0 by setting 

2;r-=X/-— 1 . Blit tilis would cause G . 3 ,nd i' to bo 1 and I'esulting 
5 D 

in a conflict. Similarly it can bo soon that it is impossible 
to sensitize the single pa,ths AGxl or i-iPH. It is noted that 
x.=x^=x^=0 sensitizes the three paths simultaneously and also 

4 5 6 . : . ■ ■ 

makes B=F=a-0 for Is then 10G000. 
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From the above example, we find a necessity for 

sensitizing more than one i^aths . There are algorithms like 
D_a,lgorithm, which identify all the paths and sensitize them. 

2 . 4 Method of Boolean Differences ; 

Consider a corabinational circuit with a POL z and 
internal lines U = ^x^ jX^j • • . The primary 
input vector 

X = <(x^ .. .x^. . .x^-^ where n ^ n 

The test for detecting a s-a-0 fault in any line 
6 U i® given hy 

^ .... (2.3) 

i* '^^i 

and for detecting a s-a-1 fault in x^ by 

X . ^ _. d , S .- * .... (2.4) 

dXj^ 

Lqns . 2.3 and 2.4 can be derived as follows: 

Let T^ be the conp;lete test set for detecting o<C 

s-a-O in line x^^XI . T^ is given by 
T^ = z B 

Mow, 

z = f(X). 

(ui) z = F(2,x^.) 
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Por s-a-0, 

= P(X, 0) 

= za F(X,0) 

= x^P(X,x^=1)ex^ P(X,x^=0)©P(X,0) [itef:12j 
= X P(X,1)^2^ P(X,0).(i © 1) 

1 ^ -L 

= x^P(X,1 )© P(X,0).x^ 

= x^(F(X,1) © P(X,0)) 
dF(X,x^') 

= Xj_, ' 

1 

m <iz 

T / = X. ' -4- 
1 dx . 

1 

The other formula can also he proved in a similar 
manner. The first term in the test gives the condition for 
which the signal value at the site of the fault is oijposite 
to that of the fault. The second term specifies the condition 
for sensitizing the path. 

2.3' The D-i'J.Morithms 

D_a,lgorithm is a systematic version of the path - 
sensitising techni<pue, which tries to sensitize more th^sa 
one path simultaneously. 

Definition 2.2 ; 

Let symbol D be defined to represent a signal that 
is 1 in the normal circuit and 0 in the faulty circuit. The 
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synbol D -will be used when the si/^nal t;,ikes values in the 

than 

order other /that taken by Table 2.1 ai'ves few logical 
operations on D and 

Table 2.1 


4" 

0 

1 

D 

D 

• 

0 

1 

D 

D 

O 

0 

1 

D 

D 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

0 

1 

D 

D 

D 

D 

1 

D 

1 

D 

0 

D 

D 

0 

D 

, D 

1 

1 

D 

D 

0 

D 

0 

D 



In 

the 

algorithm, a 

function 

of 

n variable 


2* * 

. ,x 

n) 

is reiDresented 

by 

the 

sin^ 

;,ular 

ccver 


function [^2jj . The 'don't care' values are shown by x. Two 
types of inputs to a gate are possible. In the first type, 
the inputs are those which cause the out'jut of a gate to be 
different from the nornal output when the fault is present. 
These inputs are represented by the 'primitive h-cubes ’ of 
the gate. The next type consists of the 'propagation 
D-cubes ' of the gate, which cause the output of a gate to 
depend only on one or more of its specified inputs and 
hence to propagate a fault on these inputs to the output. 

The primitive D-cubes of any fault in a logic gate 
can be obtained from the singular covers of the normal and 
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faulty gjates . The singular co-ver of the nornal gate is 
partitioned -4 into two classes aQ and a^ dexjending upon the 
outi:ut of the gate being either 0 or 1 respectively, il 
sinilar partition can be done on the singular cover of the 
f aulty goate. Call the partitions Bq & 'bj-. jerf orn.. the 

following operations; 

(1 ) The nenbers of are intersected with raesibers 
of bg! excepting the output coordinates. The nonzero (noneiopty) 
intersections cori’espond to those inputs which dause the 
output coordinate to be 1 in the nornal circuit and 0 in the 

faulty one. The output vertices of these cubes are 

assigned D'.v,, 

(2) The nenbers of aQ and b^ are intersected. 

Nonzero (nonenpty) intersections give the inputs which cause 
the output of the circuit to be 0 in the nornal and 1 in 

the faulty circuits. A D is assigned to the output 

vertices, of these cubes.. 

Primitive D -cubes of gates with multiple outputs 
are computed- by dividing the singular covers of the normal 
and faulty gates into partitions a & b according to their 
outputs. Subscripts are used with a and b corresponding to 
the outputs. The cubes are obtained by intersecting members 
of a with members b with different subscripts. The output 
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coordinates of those nonerai^ty intersections are assigned 

have 

values . If "both nenhers of the intersection t. sane 

output, then that is assiesned as it is, to the intersection. 

If an output cc/ordinate in 'a' has a 0 and in 'b' has a 
then that coordinate in the intersection is assigned a D* 

¥e assign a 1 if the output coordinate in 'a' has a 1 and 
0 in ’ b ' . 

The propagation D-cubes are also calculated for each 
of the gate in the circuit. Because the propagation D-cubes 
of a gate is different for its different inputs, for each 
input it is evaluated. . For any input i of a gate, 

(1) . Partition the singular covers into a^ and a^ 
according to the output coordinates. 

(2) . For each element in aQ(a^ ) , complement the ith 
input if it is not x and the output. ¥e obtain sets b^ (bQ) . 

(3) . Intersect the elements of pej-titions with the 
same subscripts. The nonempty intersections give the condi- 
tions for which a change in the ith input is propagated to 
the output of the gate, 

(4) . For each cube obtained assign a D to the ith 

input and D or S' to .the output coordinate depending on 

whether or not the value of the output coordinate in the 
cube is the same as the ith input value. 
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The Same input variable of a gate may have more 
than one propagation I) -cubes . (example; exclusive- OR gate) 

E X/iPix'Ijh 2 « 4 ; 

Determine the primitive and propagation D~cubos 
of the circuit shoT;m in Rig. 2.4. 



iiSSume s-a-0 in line 1 . The singular covei 
for gate A- of the norraal circuit is .^iven by 
1 2 4 


1 1 . 0 j aQ 

0 X 1 } 

X 0 1 J 

With present, the singular cover is given by 

1 2 4 


1 1 1 

0 X 1 


0 1 


i 

J 


The partitions made on -the singular covers are also 
shown. Intersecting aQ with; b| and ignoring the output 
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coordinate wg Get the primitive D-cuhe of j^ate u as 
1 1 xix-*; , . 

i'he sino-ular cover of oa G„ B is 

3 4 5 

1 s 0 ■■■;■ 

X 1 0 j ^ 

0 0 1 

Let us calculate the propagation L-cuhe of B for its input 
4. Ccniplenent in ;3 the coordinates of 4 and 5 in the cuhes 
Uq and a^ ve £et b^^and b^ resxjectively . 

3 4 5 

X 0 1 b^ 

0 1 0 bQ 

VJe get XiCODD by intersecting bQ and a^ and assigning 
proper L value. 'Ihe cube will be obtained when we intersect 
the other two partitions namely b^ and . 

The procedure to deter line the test of the circuit 
consists of two stages. In steph, we intersect the primitive 
D-cubes of the faulty gate with those of the gates at a 
higher level till we reach the output line . This is known 
as 'D-drive'. This ■ is equivalent to sensitizing a path , 

frcin the fault to the output. The noxt step is called the 

^ ... ■ ■■■ ' . ' ' ' \ 

consistBiacy . # The -U—cube obtained in step 1 is 
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intersected with, the singular cover oi the circuit. 'This 
operation yields the necessary inputs so that the fault 
is detected. The steps to he execiited are; 

(1) . Obtain the singular cover and the propagation 
D-cubes of the circuit. 

(2) . Each test cube obtained in the i-drive is 
represented by t and a subscrixit denoting the step at which 
it is obtained. iXn activity vector is also assigned to 
each test cube. The activity vector gives the nunber of the 
gate upto which the sensitized, path has been extended. 

(3) . iln initial test cube t ° is chosen from the 
primitive D-cubes of the' fault under consideration. It 
is intersected with the propagation D-cube of one of the 

members of th'... activity vector of t° so that t° and the 
D-cube with which it is intersected have a D or D in at 
least one cc.',raon coordinate. The intersection is the new 
test cube which is then labelled as t ' . The new activity 
vector is determined and the procedure is repeated. 

(4) » The consistency oxjeration is carried out by 
intersecting the test cube successively with the cubes in 

the singular cover until a sufficient number of circuit inputs 
for generating the signal values specified in the test 
cube have been .assigned. 
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EXAMPLE 2.5 : 

I'o generate the fault tesy^of the circuit shown 
in Eig. 2.4. (Lxanple 2.4). 

the primitive and propagation D-cubes were 
calculated .as 1 and XXODl respectively. Intersecting 

both we get 1 1 0LD as the test cube. 110 is the fault test 
for line 1 s-a~0. the presence of D as the output coordinate 
indicates that th.j nbrraal value of the circuit is 0 and the 
faulty value is 1 when 110 is applied to the circuit, 

historically D-xlgorithn presents a novel 
method of fault test generation. But at timeSj it becomes 
too tedious to use the method. If the circuit contains 
a.'F0 lines and if there are mere paths to the output from 
the fault then a 3:-0tt-^ of backtracking and duplication of 
certain efforts become imperative. Kew algorithms are 
available in the literature which are capable of 
generating the test set in a straight fox-ward manner. 

2 . 6 Ihe Yau and fang's 'Algorithm i 

Yau and Tang’s Algorithm (Y‘i...)|j'^- 1 is based on the 
BL concept and BD chain. This algorithm is capable of 
generating the complete teat set for any combinational 
circuit. This algorithm uses simple logical operations AH'D 
and Oh^ and operations on sets are not necessary as is the 
case with the D-algorithm. 



31 


i'heorera 2 .6i 

Let z be a lo^ic iunctiwj, realized jy a coiribinational 
logic circiiit. Let j be an internal line v.ni i be anotber 
line in the circuit, sue li tn rb ov^ry path fre:,! line i to z 


pa~';ses tiiroUiah j. Lhen, 
dz dz 


d.x . 
1 


dx . 


r'-sr 

SZl 

dx. 

1 


(2 s') 

»«»A« ^ J 


where x^ and x^ are the variables representing line i and 
j respectively. 


Proof : 


Let X = <(x^ ,X 2 • . . jX^';;^ be the prinai'y input vector. 
When all the path iron i to z passes through we can write, 

X . = f ( X , X . ) . . . (2.6) 

3 “ 1 

and 


z == i’(X, X ) 

J 

= L (X, f(X, x^)) 

We^.can have three cases. 

Case i ; Assurio = 1 and = 1 

clx. c:x^ 


(2.7) 


i'hen. 


-ff- = P (X, P(X,0))fP, !(£,, f(X, D) 

U.A. . . 

^ P -v 


= P (I, b ) @ P(a j < 


L Cv4^=il 


ax. 

1 
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Hence we he.ve proved the theorem, 'this theorem 
is useful in evaluating, the Bi) of the POL with resxject to 
an input variable of a gate from the BD with respect to 
the output of the gate and- the type of gate. 

Alig:orithn; 

1 . illl the lines in- the circuit are numbered from 
the lower Ic-vel to the higher level. Let this be 

i J 

2. I'he logic function uf all the lines and its 

complement are computed. 

V 4 U, X. and X- are uxpressed aS a function 
J J o 

of X. 

3. Let S' be the set of liFO lines in the circuit. 

dx-^ 

For every j “.:h — ~ is computed. 

* Li SC . ' 


dx . 

Case ii ; Assume = 0. iheh, 


F (X, f(X,0))@F(X, 


dx . 

- 1 


- (If ) ©SHA 




. - 0 

df 

Case iii i: Assume =0? the 11, 


dz 


X . 


F (X, 6 ,j ) @ F(X5 


= 0 
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4- For every j = 1^1-1 ••• 1 and 3 , the Bh 

of line 1 dxl/dx ■ is calculated using ihooren 2.6 and the 

J 

BD of the gate. 



EX/J;4PLB 2.6 

To calcul8.te the test set for the lines of the 
shown circuit using YlA. 
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^4 = 

X| » X 2 


dx 

4^ 

— f? 

dx , 



dx^ 

““ j 

dx2 

^5 

= x^ + 

^4 

dx^ 

D . 

~ ^4 ’ 

dx_ 

3 

dx^ 

3 

^^4 


X, 




Step 2 


Xr- = X. .X„+X„ 

5 12 3 


X ^ 2 * ^ ^ 


X 


X^ .X2 


step 3 


dX[ 

dx; 

dx; 


a: 


1 

dx. 

d: 


dx^ _ _ 

t % = "3 


dx. 


■R 


= X 


L 


dXp-' dXp. dx . 

JX = ^ i 7 X 

dx^ dx^ ■* dx^ ^3* "^2 


dx. 


dx. 


dX 2 ^^4 


dx.^ 


. X. .X 


1 * 3 
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iStep 4: 


ml 

•mm, 



MM 

MM 

T 

0 

= XiX^X^ 




C\J o 


1 


= X^ 

x^x_ 

m3 

O-M 


m3 

MM 

MM 

^0 

= X^X^ 


T^ 

= -^3 

^4 ■ 


..... 


m4 

MM 


^0 


'J 


II 

^4 

m5. 

JL 

= x^x*x^ 


t5 



0 

7 

0 

— 

- 

Tx^ + 


hef presents a modified algorithm for 

evaluating the BD's if the available storage space is not 
sufficient for the computation, ihe algorithm may generate 
only a partial DT. YTA algorithm requires only simple 
operations. Ho necessity of hack tracking has to he done. 
Only restriction on the algorithm is the core size which 
may eventually restrict the problem size. The DT generated 
is complete. This algorithm is selected because of its 
efficiency and simplicity to implement. 


2 . 7 Fault-Table Minimis atitn : 

Methods for generating the fault-table of a 
combinational digital circuit were disciissed. The DT 
obtained may contain certain tests which are redundant. 
Depending upon the application of the DT being ei-Qier fault 
detection or diagnosis, the DT may be minimised. For example 
in the case of fault-detection experiments, if a number of 
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tests detect a fault, it is sufficient to select a single 
test out of the possiole tests, there are two ways of 
reducing the size of the hi'. One is to use certain 
properties of the circuit under consideration to eliminate 
some duplication of effort during, computation, jinother is 
to use minimisation techniques once the hr is generated. 
Both are employed in any hi generation system. 

Consider a iAhh gate with n inputs x^,...x^,... 
and a output z. , 



Fig .2.6 


The Bh of z with respect to x^^ is given by 


dz 

dx. 


X. . . .X . -t » ® •X i 

I 1-1 n 


.( 2 -. 6 ) 


Suppose there is a fault s-a-0 in line x^^. 'The test for 
detecting the fault is given by 
■ x^dz 

cix . 1 1 n 

1 


« « « • 


(2.7) 
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But z is nothing hut the test th.;t can detect a s-a-l 
fault in the output of the gate. Besides z is independent 
of the value oi i. In other word..; z is the test for 
detecting a s-a-O fault in anp one of the input lines and 
s-a-1 fault 8,t the output. This is known as 'fault-equivalence' 
in a BAltD gate . 

In a similar manner in a NOR gate the s-a-1 faults 
at the inputs and s-a-0 fault at the output form an 
equivalents class. The elements of a fault -equivalence 
class (BnC) have the same test set. 

iflfhile deriving the tests for s-a-O faults at the 
inputs of the ililED gate, it is sufficient to check whether 
we have derived the tests for s-a-1 fault at the output. In 
the case of a NOR gate we derive only the tests for s-a-0 
fault at the output and other faults which do not a form 
an equivalence class with the output s-a-0.. The procedure 
described does not completely ensure that there are not 
more than one fault or fault equirmalence classes having the 
Same test set in the DT. If we have a NMD gate whose output 
is feediUo one of the inputs of a iiOR gate, the above 
procedure gives two PIC s one for each of the gate. But it 
can be noted that the two PECs have the same test set. This 
would imply that it is essential to have a final minimisa- 
tion stage wherein we reduce the table such that no two 
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faults or SliCs ! have the same test set. On of the columns 
can he eliminated and the faults associated with it can he 
included with the faults of the other column. I'he DT arrived 
at till now can he used for either applications. 

Usually for diagnosis we leave the IT at this stage and do 
not try to minimise further. 

For fault detection the Di can he minimised using 
one of the following procedures s 

(1) . i’wo columns of the If are successively 
intersected. If the intersection is nonempty the two 
columns are replaced hy the intersection, i'his process 

is repeated till we exhaust all the columns in the Df * loxt we 
eliminate the rows. If a row contain O's in all the position 
it can he eliminated. If any two rows have the same entry 
then one of them might he removed from the Df. 

(2) . In the If if a row is covered hy another row 
then it can he removed. If a column covers another column/ 
then the covering column is reraoved, 

2.8 f ault-Detection and Diagnosis ; 

Till now methods of DT generation and minimisation 
are studied. The ultimate aim of the DT is to use it for 
fault detection or location. Procedures suggested for diagno- 
sis experiments will he discussed in this section. 
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Hayes QoJ introduces a new method called 'transition 
Counting (1C)' technique for fault detection in combinational 
circuits. In the conventional techniques the- entire output 
string of the normal circuit corresponding to the input 
sequence is stored in memory. vVheri the experiment is 
performed a bit by bit comparison is made with the stored 
output and tiie output of the uU'I subjected to the experiment. 
If E is the length of the output string we would have to store 
jili bits in memory when (it i is the length of the string R 
in bits. Instead of this, if we store the transition count 
(IC) of the correct output, it is required to store jlog2fE-i] 
bits only. Ihe IC is nothing but the number of changes from 
1 to 0 and vice versa starting from the left most bit to the 
right most bit. A special H/v/ can be introduced in the test 
equipment which gives the rC directly, ‘i'o check for the 
presence of the fault we have to compare only the TC's of 
the correct output and the UUi's output. 

Definition 2,3 ^ 

The TC C(E) of a string a = r^ ...r^. .,r^ 
is given by 

m-1 

i=1 
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Theorem 2.7 ; 

Let R he a m-hit hinary sequence and R is obtained 
by complementing every bit of R. 

(i) C(R) = C(R) .... (2.8) 

(ii) G C(R) ^ m-1 (2.9) 

The proofs of the theorems fo.llou straight away from the 
definition of C(R). 

Definition 2.4 

Let d = s. ... s be a sequence of m-bit vectors 
1 m ^ 

applied to the UUT. d is said to be a 'TO test for UUT 
with respect to a fault in R if 

G(Rq) C(Rj^) for 1 '^1^ q where 
P , ... P^^and Rq is the TG when d is applied 

to a normal circuit. - 

A fault in the UUT is said to be TO detectable 
if there exists some sequence S which is a TO test for 
the fault. Paults may exist which are conventionally 
detectable but may not be TG detectable. This is probable 
because C (x-.) = C(R). Gonsider a s-a-0 fault at the output 
of a circuit, v/hen we apply any test sequence we get 
C(R)=0. If that fault happened to be a s~a-1 fault again 
G(R) = 0. The two faults are TG undis tinguishable but 
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detectable conventionally, I'be TO technique may not give 
full fault coverage. The coverage can, be in<Sreased by 
orderingthe test sequence and applying them. Additional 
tests may be necessary for this ordering to be possible, 

the use of a Decision Table as an input to an ATb 
was suggested by bcheff, Df3- This is po.isible because of 
the equivalence between a diagnostic table and a decision 
table. Automatic jjrograEtming methods H.1 exist which can 
generate the code for running it in a system. Seshagiri Dsi 
uses the. probability or the failure rate of the faults in 
the circuit to determine the next test to be applied to the 
UUT. The diagnostic table is treated as the decision table. 
The test vectors in the DT correspond to the condition stub. 
The action stub is equivalent to the outcome of conducting 
a fault detection/diagnosis experiment, lor fault - diagnosis 
we will be using a simple method which is essentially combi- 
national procedure. All the tests are applied to the UUT 
and the resulting 0/P sequence is stored. This when operated 
with the true response bit by bit using an Exclusive OB. 
Operator gives us the ’signature' of the fault. All the fl^oots 
corresponding to a '1 ' bit in the signature are intersected. 
Where ever there is 1 in the intersection the corresponding 
faults are identified. If during the SI’-Oxl operation we 
find the signature to be empty, then the UUi‘ is faxiit free. 
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CHAPTER 3 

THE PHILOSOPHY OP SYSTEM RES IGIT 
3 . 1 Introduction : 

In this ciiapter an overall structure of an 
Automatic Test System (ATS) is described. The ATS is 
a total system capahle .of performing the following 
functions; 

1 , To verify the design of the circuit during 
the development stage. If an equipment designer has 
designed his digital system he would he interested in 
checking the designed one whether or not it conforms to 
the objective he had in his mind before initiating the 
design process. The verification of design can be done by 
a circuit ’Simulator'. There are different circuit simu- 
lators available, which can be integrated into the ATS, 

2. To test modules developed during manufacture. 

Once the .chips are manufactured before releasing, it should 
be checked for full performance within tolerance limits, 

¥e need to say whether the module has passed the test pr not, 

3.. To diagnose during repair, a/c boards with 
large number of components may be a single module in a large 
equipment.. The maintenance man will be interested in 
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knowing the exact component which has failed to function 
properly. The ATS should be able to locate. the fault. 

The Software of an ATS can be divided into two 
parts. The design of these parts is studied in this 
chapter. 

5.2 Description of an ATS ; 

The block diagram of an ATS is given in Pig. 5.1 . 
Six modules constitute the structure of the ATS. They are: 

1 . Data base containing circuit topology 
2. Circuit Simulation 
5. Test Generation 

4. A method of storing the DT 

5. Automatic Test Equipment (ATE) 

6. Eault Diagnosis 

5.2,1 The Circuit Data Base : The efficient functioning of 
the ATS bears to certain extent on the coding procedure used 
to convey the circuit connection details to the system 
for further processing. To quote^jsi-'^ > 

’The designer should know the data bases and its 
relationships to his available means of simulation and test 
generation and he should devise as efficient a means as 
possible of obtaining a Simulatable 'model from the data base'. 
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5*2.2 Circuit ujimulation ; To generate the test set of the 
UUT, there should he availahle a model of the UCT, This 
is done hy simulation, ihiother advantage of the simiiLator 
is that the dosigner can verify his design during develop- 
ment. The simulator should he capable of simulating the 
system behaviour from the circuit data base and the models 
of available components. The development in electronic: 
technology is such that the basic building blocks of systems 

.. S? ■ 

are complex and contain large gates. In that case the 
simulator should have the provision to accept -new component 
models. Many aspects of a circuit can be simulated. 

(1) . Waveform network analysis 

(2) . Functional simulation 

(3) . Gate level simulation 

(4) . Layered simulation( a combination of 1 to 3) 

Of the above type 1 is necessary only for design 
purposes. Type 3 is essential if we have TTL gates in 
our circuit. As the complexity of the components increases, 
functional simulation becomes more desirable than type 3. 
Layered simulation is a combination of all the three types 
and a particular aspect of a single component can be 
studied. 
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3.2.3 Teat G-eneration : An. optiraal diagnostic tatle is th,e 
liasic requireiaent of a test system. ’ Ways of efficient test 
generation becomes a necessity if we want to use the system, 
again and again. In general circuit simnlat or can be 
imbedded into the test genera,tion for convenience,. Test 
G-eneration systems can be implemented in any general purpose 
computer and only the test results are used by the ATE* 

Methods of fault test generation were described in Chapter 2. 

3.2.4 Automatic .Test Equipment ; Once the test data is 
generated it can be stored in a disk file for permanent use 
by the ATE. If a number of components of the same logic, the 
ate can be run the required number of times using the 

DT available in the disk. ATE should interpret the DT and 
apply test information to the UUT and observe the responses, 

ATE is a hardware set up which may have its own processors 
and instruction set. 

3*2,5 Eault Diagnosis ; There should be some way of inter- 
preting th-o detection experiment conducted by the ATE H/¥* 

Eor fault detection, the redundancy in the DT may be eliminated.. 
All these functions are carried out by the fault diagnosis 
routine which is available as an integral paxt of the ATS. 

In this thesis, the design of’ fault test generation 
is made along with the simulator and this is called SYSTEM I, 
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The design ’ study of fault diagnosis module is also 
made. The software design is done by the systematic 
procedure given in Ref 

5.3 Design of SISTEM I ; 

5 . 3.1 Rormat of Input ; aYSTSM I is the fault-test generator 
of the ATS. It is capable of generating the DT of a 
combinational digital circuit. The combinational circuit 
can have 99 lines out of which at the most 8 primary input 
lines (PIL) and 8 primary output lines (POL) are permitted. 
The circuit may be containing NAlTD or BTOS gates. Bach of 
such gates can be fed by not more than 8 input lines. 
Reconvergent fan-out lines (RPO) are permitted to a maximum 
number of 15« However, this limitation can be relaxed by 
adjusting the suitable dimension in the system routines ; 

The input to SYSTEM I has four different cards. They are; 

1 . Ho. of primary input lines cor’d 

2. Ho. of primary output lines card 

3 . Primary output lines card 

4. Connection detail cards 

The first, three kinds of cards do not require an 
explanation. Connection detail cards contain information 
about the cirouit topology.* Information about a gate in 
the circuit can be supplied by a card. Pan-out points 
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(■botii RPO and non-RPG) are treated as a gate with, single 
input and multiple outputs. Ihe output (s) of a gate, the 
type of gate and the input(s) feeding the gate are specified 
in a card. The general format is given below: 



The code of the gate is in alphanumeric format. The whole 
card pack is followed by an 'end' card to indicate the 
end of data. 

3 , 3,2 Snecification of the Problem ; Our aiin is to design a 
system which can generate the DT of circuits whose specifi- 
cation is given in Sec. 3.3.1. The operations to be performed 
on the system are given below; 

(1) . To read input data cards and build CKT 

( 2 ) , To evaluate the logical values of each line 
of the circuit as a function of PIls and build RIMC . 

(3) . T'or each POL of the circuit to enumerate paths 
from every P II to the POi and build PATH 

A4) * To determine- the -RPO- lines and , to store tHesi 

in EAR . 

(5), To evaluate the boolean differences for the 
lines in the EAN and to . build HIDE. 
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(6) . To evaluate the hoolean differences for the 
lines in the PATH other than those in PM and to build BIDP. 

(7) . To identify the fault-equivalent classes (PEC) 
in the OKT with respect to thj POL under consideration. To 
build the data bases PT and SOT. 

(6). To compute the test set for every fault or 
PEC and to store the tests in PT. 

(9)., To minimise the PT for any redundancy. 

('10). To output the pT with other required infor- 
mation for SYSTEM II. 

The entire system is broken into 7 modules each of 
which does one or mere- of the above specified functions. 

Plow chart in Pig. 3.2 gives the sequence of the above 
operations and the modules performing those operations are 
also shown. 

3‘.3.3 Data Structures ; The complexity of a program to a 
large extent depends on the data structure of the components 
or variables used in the program. In this section we list the 
data structures used, in SYSTEM I and in the next section 
we specify the fomat of the data structures. 

1 ) CKT containing inforiaation about the input data. 

2) EH containing all the POLs. 

3) PDIKJ ' containing the logical values of the lines 

in the circuit as , a func'^i°P of PILs. 










4) PATH containing all the paths from the PILs 
to the POL. 

5) stage as a working storage during the evaluation of 

the paths . 

6) SP as a stack pointer. 

7) MBIT the number of computer words required to 
store the logical value of a line in PUNC , 

8) LBIT the number of bits less what the logical 
values of a line takes from MBIT, 

9) P/iH containing RPO lines . 

10) ST0R1 , ST0R2 as general purpose vzorking storages, 

11) BLDP containing the boolean differences (BB) 
of the lines in the circuit, 

12) PLAG as a temporary storage to contain the faults, 

13) PT the storage containing the fault-table or DT. 

14) EOT containing the fault-equivalence classes 
in the circuit, 

5 •3*4 Pormat of the Data Structures : Of the above described 
data-s true tures . only those which are important are studied 
in this section, 

a) GET : The format of GKT is given in Pig. 3.3« 

As there are not more than 99 lilies in the circuit, 99 rows 
are allocated in GET, Bach row of the array corresponds to 
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line, Th.e code of the gate and -cho inputs feeding the gate 
are available for each gate. The out imt line number of a 
gate is used as the key to acceso the gate information. The 
arrangement is sequential and in oiic ascending order of 
the keys . _ 




CODE 

1 ¥ 

IHPDTS . 

4 ¥ 

■i 

q< 

r 


' 


Pig. 3.5 The Format of GET 

Since each line of the circuit or UUT can be 
described by a 2 digit decimal number, we can pack 2 such 
lines into a word of the IBM- 1 800 computer. Assuming 8 inputs 
to a gate, we require 4 words to represent all the inputs, 

¥e allocate one more word to represent the code of the gate. 
Thus we need 5 words for each line of the circuit. The 
coding of the gates is done as follows : 

1 . The PILs are assigned the number 1 , 

2, Codes 2 and 3 are used to represent the fan-out 
lines and the RFO lines respectively. 
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3.- Codes 4 and 5 are used to represent the HAND 
and lOR gates respectively, 

(h) PUFO ; In general, cubic notation is used to 

represent the boolean functions in a computer. Suppose 

there are r input variables, Then the logical values of 

any line can be represented by a' set containing cubes with r 

coordinates or less depending upon the presence or absence 

of an input variable in that function. This would require 

the use of routines that perform cubic operations on these 

sets. Cubic operations are complex to perform and so we 

use another novel method which exploits the machine features 

of IBM 1800, Assume we have 8 input variables. Then there 
8 

can be 2 input combinations possible, ilny line 'of the TJUT 
can have a subset of these 256 input combinations. Now a word 
of IBM 1800 has 16 bits. If we take 16 of 1800's words 
and assign the available 256 bits each to each of the 256 
input combinations, we arrive at a positional system where 
the presence of a 1 or 0 in a word indicates whether the 
corresponding input combination is present in the function 
.or not. The format is shown in Pig. •3.4. The additional 
advantage with this notation is, to perform logical 
operations we can. use the logical operations ava.ilable in 
IlM 1800’s^ Assembly language. This facility results in 
considerable saving in computation tiiae. 
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0000 

1111 


Pig. 5.4 of PUNC 

fhe format of BLD? is also similar to that of PUUC . 
Por each line PUUC and BLDP have 16 words. Again the key 
to retrieve any value is the line nuraher. 

(c) PATH ; The format of PATH is shown in Pig. 3«5. 
It is a two diraensional array. Bach row in PATH corresponds 

. 20 —— 

■1 5 


Pig. 5.5 Pormat of PATH 

to a path in the circuit. The first column in any row contains 
the initial node (line) of the path and Dh ^ last entry in any ' 
row is the POL. Associated with the PATH is a coluian 
containing flags to indicate whether each path has a HPO 


line in it or not 



Hj-: 
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(d) STACK : The stack called STACK contains 20 
rows and 2 columns. SP is the- stack pointer,'^ This is used 
as a storage , during the enumera,t ion of paths. 

(e) 1^; ThePT contains the diagnostic table. It 

carries the input tests, 'the test' matrix and the fault or 
the first entry , of a fault equivalent class. Associated 
with each fault is a lIKKI which points to the next line of 
the fault equivalence class in the EC T. The format is given 
in Fig. 3.6. . 



I : Fault I. 

i : LIKK1 pointing to ECT or 0 . 

TEST :The test set for fault I. 

Since each line can have 2 faults, we need to code the 
aults. It is done as follows: 

let EG be the no. of lines in the UUT. Then, 

(i) The s-a-0 fault in line I is represented by 

I itself. 
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•"(ii) The s-a-1 fault in line I is represented 

by MG. 

Given a fault J, it is uniquely X'ossible to find out the 
line and the type of fault by knowing hG. 

(i) If J ^ UG, then the line is J and the fault 
type is s-a-0. 

(ii) If Sy NG, then the line is J-dG and the 
fault type is s-a-1 . 

(f) EOT ; It is not necessary to accoirhiodate all 
the entries corresponding to a fault-equivalence class in 
ET. This is done separately in EOT. EOT has a list structiare. 
LIEKI of ET point's to an elenent of EGT. Bach record of EOT 
has two fields : one the fault and the other, the pointer to 
the next eleiaent in EOT. Eig. gives the structure. 



Eig. 3.7 EOT Structure 
EE.: no. of records in EOT* 

POIBTER points to another record of EOT or is zero. 
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3.3.5 Mod-ole t : Fig. 3.8 gives the flow chart of MOD 1 . 
The input data, cards are read, ■ CKT data baee is built 
using suitable packing of inputs. Once the end of file 
card is encountered control is tr.ansf erred uo Module 2. 



1) Subroutine CODE (CODMjM)-^: This subroutine finds the ^ 
internal cod .3 M of the gate whose alphanumeric code is CODM. 
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3.3.6 Module 2 ; The operations performed in this module are : 

1 ) To initialize the logical values of PILs. 

2) To evaluate the logica.1 values of lines starting 
fr om the lowest line to the highest line number * 

The simulation of the circuit is done with this 
module,. The simHation is a gate level simulation. The 
flow chai't is given in Pig. 3.9. 

2) STE.T(PUH'C ( J) ,1, J) *: The primary input lines are to he 
set to the suitable logical values. This I’outine performs 
that function. The values are stored in the routine through 
a data statement and is accessed using I. The format of 
data structure is such that not much date, is to be stored in 
the routine. Logical values which need length less than 
single computer word, can be obtained by triraning the excess 
bit locations. 

3) Gi\MD(PUMG (I) ,PLT1'TC(I) )*; This rcutine is written in 

IBM 1 800 Assembly language. This takes less storage sp.ace and 
is also fast compared to a routine written in POETRAlff to do 
the Same function. The function performed. by this sub- 
program is ■; 

PUNG ( I ) FUIC ( I ) .PUNC ( J ) . 






Fis. 5.9 Module 2 
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4) OOH (lOTG(J),rJIC(l))*: to tlie GlED 

routine but does the fol^ 

: FTOC(l)^e--~Fm!T 

5) CDMP(FU'l3C(l))*: This routine complements the function 
by doing J ' 

WIcTTJ 

3.3.7 Module 3: Since the UUT' may have more than one POL , 

-bhe . 

some line in /UUT may affect some POL and others may not. 
Similarly some fan-out lines with respect to a POL may in 
fact, be RFO lines for other POLs. It is essential to 
perform the operations with respect to every POL, The functions 
accomplished by Module 3 are: 

1 . To initialize PATH, PM, PTYPE 

2. To enumerate the paths 

3. To rearrange the paths • 

4. To determine RPO lines. 

To enumerate the paths, a stack called ST ACh is 

used. Starting from the POL we climb down via a branch to 

a lower level and' try to reach a PIL. Once we have reached, 

we'- 

wo collect the lines throngh whieh/,have traced the path and 
transfer them into PATH. Then we back track one step and 
create a branch through another PIL. If in the backtracking 
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process we come baek; to omr starting point, then we would 
have enumerated all the paths starting from the PILs ending 
with the POLs . 

To determine the RPO lines we make a comparison of 
those paths wliich have the Same starting line. We intersect 
these two paths . If the intersection is empty, we repeat 
the process with other paths in the PATH till we exhaust all 
the paths. If the intersection is not empty, we find out 
the last entry in the intersection. This line is the HPO 
line. ¥e set the PTYPE corresponding to these paths to 
indicate that these paths contain a hPO line. 

6) PUT(I,P/iH)*: I is the line that is to he stored in PM. 
This routine checks PAH whether it contains I. If it does 
not contain I is included in PM and the control returns ■. 

3 . 3.8 Module 4 : The BD of the POL with respect to the lines 
in RPO is evaluated in this module. There are no straight 
f onward methods mf achieving this. The logical value of the 
RPO line is set to 0 first. The logical values of those 
lines which ,are independent of the RPO line are transferred 
from PUHG to the working s tor, age. Using a procedure similar 
to that of Module 2, the logical values of lines at a higher 
level than the RPO line are evaluated. We continue this 
process till we reach the POL, How the va,lue of the POL 
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to 

is that corresponding/the RPO line being zero. The same 
procedure is repeated with the E.FO line being set to 1 . The 
logical values of POL corresponding to RPO line being 0 and 
t , are operated using an EX’OR. The result is the BD of 
the RPO line. The following operations are performed* 

i# The lines in Path are partitioned into two 
ftlassesj one containing lines which lie at a higher level 
than the RPO line; the other containing those lines which 
are independent of the RPO line* 

2* The BD is evaluated as described earlier, 

7) PUTIlT(STORt ,I,S¥CH)*: The element I is reached in ST0R1 , 
If found S¥GH is reset. Otherwise I is entered in STORt, 

8) abend (ST 0R1 )*j Before evaluating the logical function 

of a line, it is necessary to evaluate the logical functions 
of all the lines below it. The only way of ensuring this is 
to arrange all the lines in ascending order in a store and 
to start executing from the smallest line to the higher one* 
ASEND arranges the elements of STORB in ascending order and 
shifts the whole vector to the left by suppressing the left 
most zero elements in ST0R1 , ■ v 

9) G-BOR(PUNC1 ,PUNC(2) )*: The operation performed by GEOR is; 

PUNC 2 PUNQ 1 S PIMC 2 . 
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3 *5 *9 Module 5 1 Booleaii difference chain evaluation is 
implemented in this module, The BDs of the lines in PATH 
other than those in RPO are evaluated. The flow chart for 


this module is given in Bign 3.10. 



Fig. 3.10 










checks 

10) CHEGK(I,FAIT, IPiR)*; This subroutirxe/if line, I is a 
member of RFO lines* , IP/iE Is set if it is so, else IPAh 
is reset* 

1). Module 5 separates the non hFO lines and 
stores then in ST0R1 and ST0R2 concatenated together. ■ H»'. 
arranges the elements in ascondine” order and the BD 
evaluation is carried out as shown in the flow chart. 

3.3.10 Module 6 ; The operations performed in Module 6 are: 

1) . Determining all the lines in the circuit with 
respect to the POL. 

2) . For each gate, finding out the faults of the 
input and output lines of the gate and determining the 
fault-equivalence class of the g^te, 

3 ) • Preparing FT and II6T data bases for use in 

Module 7. 

11 ) iNCE.(I, The following steps are performed: 

1 . J+MP 

2. If continue; else go to 5 

3. I ^ 1+1 ; 

4. J J-N; 

5 . return; 

12) GET(I,J,K)*: This subroutine fetches the last entry of 
a fault -equivalence class is the record number of the first 
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entry of the PEC in PT is specified, I is the record 
number of PT. The LINE1 in PT is obtained. Using IINKI , 
the appropriate record in EOT is retrieved. If the LIEK 
or POIETEE. associated with the retrieved record is zero , 
the values are returned. Else a new record is fetched and 
the operations are repeated till we end up with the last 
record of a list, I is the last record number and K is 
the entry. 

Module 7 : The following steps are carried out in 
Module 7 : 

fault 

1. Computing the / test using PUEC & BLDP 

2. Minimising the PT 

3 ♦ Rearranging the . PT 

4. Purther minimisation 

5. Outputing the PT . 

The above tasks are accomplished through a set of 
subroutines. 

13) Part (EPILI ,i']PI12 ) * : SPIL1 , are two system 

parameters. For each record in PT, the line number I and 
the type of fault f arc computed from the fault entry 
of the record , 

1, PUECCi) and BLDP(l) are fetched. 

2, If f = 0; Test ^PURGd) .BLDP(I). 

3, If f = U Test4f-PUNC(I) .BLDP(I) , 
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14) MIHIM*: The minimisation of the PT is done by MIJJIM. 
Each test vector is compared with the other. If they are 
equal, the fault corresponding to the second is included 
with the fault of the first. 

15 ) C0MHi(EUNC1 , EUE'C2,I, J) *: FUNC1 , FOTC2 are two vectors. 
They are compared element by element for I elements. If 
they match J is set to 1, otherxvise to zero. 

16) TRIM(LBIT,I)*: The number I is. trimmed of its 
leading LBIT bits, 

3 . 3.12 Implementation ; The implementation of SYSTEM I is 
successfully made in IBM-1800 computer. The available 
core memory of the computer for user is 8K words. If 
SYSTEM1 is implemented as it is, it takes more than i2K 
words. The whole program is segmented into 3 different 
parts. The data bases EUEC , BIDE, FT are transferred via 
IBM-1810 disk. Other important data bases and variables, 
are transferred via the common block of the memory. The 
individual segments, however, can be run continuously once 
the first segment is started. This is done by calling LIHK 
(Segment) routines. The three segments are stored in the 
fixed area of 1800 computer and can be accessed at a fast 
rate to the memory. The data bases are created as files in 
disk. The file system used is a simple one as permitted 
by FORTRiR. 
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3.4 Design of SYSTEM II ; 

The i'unct ions performed "by SYSTEM II are: 

1 . Reading the FT (from cards) 

2. Constructing the data base FT (in core) 

3. Applying the tests to the UUT and observing 
the responses , 

4. Diagnosing the results. 

The flow chart is given in Fig. 3.11. The data structure 
of the two data bases FT and FEOT are given in Figs 3.12 



Fig. 3.12 Foi'mat of FSOT 

The FECT contains the fault -equivalence classes. Each 
row contains an equivalent clao.-. . Thei'e can be at most 
15 faults in an equivalence class. 

. The faults that are detected by the system ate 

packed into 5 words and stored in FT. A 1 in a row indicates 
that the test associated with that row can detect the 
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fault associated with the coluim. She hit positions left 
to right in FT correspond to faults in FSGT top to hottom. 




5W 

'i-l _ i-M 


K 


S not detectable 


f • . 

1-1 


^i+1 

detectable 


FSCT 


Fig. 3.1-3 Fornat of FT 

RITE XFU1IC,IFURG)*: FIOTG and IFUIG are vectors of dimension 
70 and 5 I'espectively. 16 elements of FUNG are packed 
into a word of IFIMG , 

FlilD(lFU!TG This subroutine locates a one's position 

in IFUIC and that value is stored in M. Simultaneously it 
searches for another 1 in IFUffiTG. If the routine finds 
another 1 ^ K is set to 1 and the subroutine returns control. 

The subroutines developed in SYSTEM I can be used 
for SYSTEM II also. I/O subroutines for digital direct 
input and outx)ut should be developed. Because the ATE H/¥ 
is not available, the SYSTEM II is not implemented on 
IBM-1800. However, it can be done easily. 





Pig. 3.13 contd. 
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CHAPTER 4 

RESULTS. COHCLUSIOHS AHD SU&GESTIOHS 

4.1 Results of the Impleiaentation : 

SYSTEM I is implemented in IBM- 1 800 successfully. ' 
The diagnostic tables generated are given in Appendix, for 
the examples run on the system. The average time taken for 
processing a circuit having 5-10 gates is 3 secs. A 
comparison of SYSTEM I can be made with other systems 
implemented [243 ' ?- 

Table 4.1 


Variables 

OTHER SYSTEM^ 

1 ' 2 3 

.. 4^^„ 

1 

5 

SYSTEM 1 

1 . 

No. of Inputs/Outputs 

3/1 

4/1 

15/1 

11/4 

55/7 

8/8 

2. 

No. of Basic Grates 

5 

8 

21 

62 

95 

99 

3. 

Core store used 

92 ; 

9R 

1 2K 

UK 

26K 

9K 

4. 

Time to Generate Tests 
(in secs) 

1 

i 

17 

25 

252 

3^ 

5. 

Time to calculate the 
O/P associated with 
each Test (in secs) 

1 

1 

2 

3 

58 

_3- 


1. System implemented by Bennetts 
2i Computing Time for circuits with small no. 

of gates. 

3 . This time is included in the time to generate, 
the tests. 
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The following conclixsions can he drawn from the comparison. 

1 ) I'or circuits with lILs, SYdTEM I is efficient 
for it takes less memory compared to the 3ro example run on 
the other system. When the no. oX ilLs are increased, the 
memory required increases at a fast rate in SYSTEM I. This 
limitation can he attributed to the data structure, Por 
circuits with small number of Pile, it is suitable. When the 
PIls are increased, the memory increases as | 2^/16”! words 
where r is. the nimiber of PIls. 

2) There is no restriction of the number of POLs 
imposed by the core except that the computing time may 

be Large. 

3) In other systems the details about the RFO lines 
are to be provided with the input data. SYSTEM I has an 
imbedded module which determines all the RPO lines with . 
respect to a POL. 

4) There is. no separate procedure required 

to compute the correct output response associated with a 
test. It is evaluated during the normal execution of 
the program. 

4.2 Suggestions for Further Work ; 

SYSTEM I lacks many features which can be 
implemented to enhance its capacity.* 
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1 . Th.e study of better datn structures to represent 
PUNC and BLDP, is a necessity because most of tbe digital 
circuits have atle.ast 16, FILs . Be a toot generation system 
should be capable of acceptin,.; circuits of that size. , 

2. Digital circeiits are becoming bigger in Size 

by having 'the basic building blocks quite complex.- SYSTEM I 
wants all the basic components to be HMDs or HOEs. A macro 
processor in similar lines to that described in[]2^ can be 
implemented. It should be possible to represent all the 
basic building blocks of a circuit as macros with internal 
components of the macros being NANDs or HOEs. Once the 
macros are provided to the system, references to the macros 
can be made. 

3. SYSTEM II can be implemented on IBM-1 600,. The 
successful operation of SYSTEM II lies with the ATE H/¥ to 
be attached to the IBM-1800 digital l/O torninals. 

4. The thesis deals with the fault diagnosis 
techniques for combinational circuits only. But most of the 
digital systems are infact sequential. Bventheugh the 
procedixres to detect faults in sequential circuits are compi'..x, 
an actual system to diagnose the faults in such circuits will 
be a boon to the users Automatic Test Equipments, 
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